Cell surface carbohydrates are important to various bacterial activities and functions. It is well known that different types of Bacillus display heterogeneity of surface carbohydrate compositions, but detection of their presence, quantitation and estimation of variation at the single cell level have not been previously solved. Here, using atomic force microscopy (AFM)-based recognition force mapping coupled with lectin probes, the specific carbohydrate distributions of N-acetylglucosamine and mannose/glucose were detected, mapped and quantified on single B. cereus surfaces at the nanoscale across the entire cell. Further, the changes of the surface carbohydrate compositions from the vegetative cell to spore were shown. These results demonstrate AFM-based 'recognition force mapping' as a versatile platform to quantitatively detect and spatially map key bacterial surface biomarkers (such as carbohydrate compositions), and monitor in situ changes in surface biochemical properties during intracellular activities at the single cell level.
Introduction
Carbohydrates are important components of bacterial cell surfaces, with their compositions displaying heterogeneity across strains [1] . Cell surface carbohydrates play important roles in various bacterial activities and functions, including adhesion on surfaces, molecular recognition and providing defence mechanisms to guard against unfavourable environmental conditions [2] [3] [4] . The examination of carbohydrate compositions of bacteria has been used for taxonomic differentiation, identification of different genera and types and strains of bacteria [5, 6] as well as reconstruction of culturing conditions [7] . The species-and strain-specific compositions and related bacterial functions make carbohydrates excellent biomarkers to identify potential vaccine antigens, for diagnostics, as well as for elucidation of the molecular basis for bacterial virulence and pathogenicity. However, our knowledge of the organization of these cell surface polysaccharides is still limited.
Members of the Bacillus cereus group including B. cereus, B. anthracis and B. thuringiensis are genetically related species [8] . The characterization and profiling of these bacilli has great fundamental and applied importance. For instance, B. anthracis, the causative agent of anthrax, and B. cereus, a food-poisoning organism, are two major pathogenic bacilli [9, 10] . Owing to their ability to form spores in response to nutrient deprivation conditions, the profiles of both vegetative cells and spores for these bacilli have been of great interest [11] . Changes in the surface carbohydrate compositions on B. anthracis and B. cereus were investigated as surface biochemical markers for tracking the spore-forming process [12] . To date, several techniques have been applied to analyse the bacterial surface carbohydrate compositions, primarily involving the use of gas chromatography-mass spectrometry (GC-MS), ion-exchange chromatography, gel chromatography and high-performance liquid chromatography [1, 13, 14] . However, these approaches require large populations of cells for analysis, and extensive sample preparation using biochemical methods. For example, prior to GC-MS analysis, two steps are necessary: chemical extraction and release of carbohydrates from the cell walls, followed by various derivatization methods [5, 11, 15, 16] . While some chromatography techniques are able to separate the native carbohydrates without & 2014 The Author(s) Published by the Royal Society. All rights reserved.
requiring derivatization, additional mass spectral information is required for compound identification [17, 18] .
Critically however, these techniques as bulk scale tools are unable to directly clarify the density and distribution of specific carbohydrates on single, living cell surfaces at the micro-or nanoscale. The high sampling requirement for conventional carbohydrate analyses has limited utility on many types of environmental samples or in situ applications with a low target cell population. In particular, a prevailing challenge is in the area of determining the spatial location of carbohydrates on the cell wall [11] . Descriptions of cell wall carbohydrates can be useful for strain classification and development of diagnostic and vaccine applications [19] . This emphasizes the real need to develop a facile, fast and versatile platform to quantify the bacterial cell surface carbohydrate compositions at the single cell level, which can in turn provide new insights into the biochemical properties of these bacteria.
Atomic force microscopy (AFM) has rapidly emerged as an important tool widely used over the past couple of decades in bacterial research [20] [21] [22] . The unique advantage of AFM is the ability not only to characterize cellular surfaces with nanoscale resolution and three-dimensional imaging, but also to measure inter-and intramolecular interaction forces with piconewton sensitivity [23] [24] [25] . Using biomolecule-modified AFM tips as probes, interaction forces between tip-bound ligands and cognate surface-bound receptors (or vice versa) can be measured [26] . In recent years, the process of collecting such force data has been further expanded with the advent of automated scanning modes that allow us to rapidly obtain spatial distributions of interaction forces [27] [28] [29] . Importantly, bacterial samples for AFM can directly investigate live cells under near physiological environments in a non-destructive fashion. Elegant work from the Dufrêne laboratory has shown the versatility of this technique for detecting specific biomarkers on different kinds of cell surfaces [30] [31] [32] . An excellent review by the same group summarized the application of AFM-based multiparametric mapping technique in cellular systems [33] . However, to date, most studies have observed localized areas on cell surfaces (typically less than 0.5 Â 0.5 mm) rather than on the entire cell surfaces.
In order to demonstrate a whole cell profiling strategy, we investigate bacterial cell surfaces and spatially map-specific carbohydrate profiles using AFM-based recognition mapping with B. cereus (T-strain) as a model bacterium. B. cereus is an important concern in the food industry and it also shares a genetic and structural similarity with the more virulent B. anthracis [10] . Using two specific carbohydrate binding lectins, wheat germ agglutinin (WGA) and concanavalin A (Con A), as probes, we show that the carbohydrates N-acetylglucosamine (GlcNAc) and glucose/mannose (Glu/Man) can be detected, mapped and quantified on single entire bacterial cell surfaces at the nanoscale. The choice of these targets was dictated by several studies showing the heterogeneity and changes in aminosugar and simple sugars across different strains and species, making them critical targets for profiling [1, 7, 11, 12] . We show that these carbohydrates can be measured in both vegetative and spore states in liquid environments. The cell profiles in height maps show good consistency with high adhesion force signals in force maps and vitally, show a change from the vegetative to the spore state. Directly probing the cell surfaces can result in realtime analysis and the ability to observe the effect of external microenvironments at a single cell level. The cell surface itself is useful as a diagnostic target for carbohydrate-based vaccine antigens. This work demonstrates AFM-based 'recognition force mapping' as a versatile platform to quantitatively detect and map the bacterial surface biomarkers (such as carbohydrate compositions) and monitor the changes of surface biochemical properties during bacterial-related activities at the single cell level.
Experimental

Material and instrumentation
(1-Mercaptoundec-11-yl)hexaethylene glycol (oligoethylene glycol (OEG) terminated thiol), HS-C 11 -(EG) 6 OH, and (1-mercaptohexadecanoic acid)-N-succinimidyl ester (NHS terminated thiol), HS-C 15 COO-NHS, were purchased from Nanocs Inc. (Boston, MA). WGA, Con A, 3-aminopropyltriethoxysilane (APTES) and glutaraldehyde were purchased from Sigma-Aldrich (St Louis, MO). Phosphate-buffered saline (PBS pH 7.4; 11.9 mM phosphates, 137 mM sodium chloride and 2.7 mM potassium chloride) and ethanol (200-proof) were purchased from Fisher Scientific. Mica was purchased from Ted Pella (Redding, CA). Ultrapure water (resistivity 18.2 MV cm) was obtained from a MilliQ water purification system (Millipore Scientific, MA). AC240TS cantilevers (Olympus) were used for non-contact mode imaging, whereas gold-coated TR800PB cantilevers (Olympus) were used for force mapping. Cantilevers were cleaned using a UV/ozone procleaner (BioForce Nanosciences Inc., Ames, IA) before use. Imaging and force mapping experiments were performed on an MFP-3D atomic force microscope (Asylum Research, Santa Barbara, CA).
Cell culture and sporulation conditions
Cultures of vegetative B. cereus (T-strain) were maintained at 308C on trypticase soy agar (30 g trypticase soy broth (211768, Becton-Dickinson, Franklin Lakes, NJ) and 15 g agar (AB1185, American BioAnalytical, Natick, MA)). Starter cultures were grown by inoculating single colonies of B. cereus into 125 ml of trypticase soy broth and incubating for 24 h at 308C and 225 r.p.m. G medium was used as the base sporulation formulation [34] , and supplemented with peptone (BP9725, Fisher Scientific, Pittsburgh, PA) and tryptone (61184, Acros Organics, Waltham, MA) (both at 8 g l
21
). Sporulation was performed by adding 1 ml of starter culture into 250 ml of sporulation medium and incubating at 308C and 275 r.p.m. in an orbital shaker.
Sample preparation for atomic force microscopy
Aminopropyl-mica (AP-mica) coupled with glutaraldehyde was used to immobilize cell samples. Freshly cleaved mica was incubated in APTES vapour in a vacuum desiccator for 12 h. The AP-mica was immersed in 1 ml of 2% (v/v) glutaraldehyde water solution for 1 h and rinsed with deionized water. A 20 ml cell suspension was spotted and incubated for 30 min. The sample was immersed in 1 ml of 1% (v/v) ethanolamine PBS solution for 30 min to block the glutaraldehyde on the areas without cells. Finally, the mica was rinsed with PBS to remove the loosely immobilized cells and unreacted ethanolamine.
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For making cell suspensions, 1 ml cell suspension was taken from the culture medium and placed into a sterile 2 ml Eppendorf tube. Cells were collected by low-speed centrifugation (1 min, 48C, 4000 r.p.m.). Each pellet was resuspended and washed two times with 2 ml sterile distilled water. Finally, the pellet was re-suspended in 2 ml PBS buffer and kept in refrigerator (48C) before use.
Atomic force microscopy probe functionalization
and recognition force mapping AC240TS cantilever (spring constant approx. 2 N m
21
, resonance frequency 70 kHz) was cleaned using high-intensity UV light to remove organic contamination and used for imaging and characterization of the surfaces in non-contact mode. Gold-coated cantilevers were cleaned in UV/ozone for 15 min. Cantilevers were functionalized as described earlier [35] by immersion in mixed thiol solution (HS-C 11 -(EG) 6 OH and HS-C 15 COO-NHS) in ethanol for 16 h. Cantilevers were rinsed with ethanol, and incubated in a 100 nM solution of lectin (WGA or Con A) in PBS buffer for 1 h at ambient temperature. Our group has earlier shown that this functionalization strategy limits the number of lectins on the surface to 1-3 [36] . Spring constants of the functionalized cantilevers were measured using the thermal fluctuation method.
Subsequently, lectin-functionalized cantilevers (spring constant approx. 0.15 N m
, resonance frequency 15 kHz) were used to obtain force data on cells. Each experiment was repeated on at least five different B. cereus cell surfaces to demonstrate reproducibility. Force-distance curves were obtained by collecting a series of sequential force curves in an m Â n grid. Each force curve was obtained at the same loading rate (135 nN s
, at a ramp velocity of 900 nm s
) by pressing the cantilever to a low trigger point (200 pN), allowing binding to occur (contact time 0.1 s), and then retracting. All force maps were obtained by collecting approximately 80 Â 80 force curves over a defined area (approx. 3 Â 3 mm 2 ), estimating the unbinding force values, and displaying these values by scale of colour. The height maps of the same area were generated simultaneously as the force mapping occurred. Blocking experiments were performed by a buffer exchange of PBS containing 5 mg ml 21 lectin in the fluid cell followed by force mapping.
As a control experiment, a tip without lectin attached (only HS-C 11 -(EG) 6 OH) was used to map the cell surface. All images including height and force maps were performed using custom routines in IGOR PRO v. 6.32 A (Wavemetrics Inc., OR) for fast processing of data.
Results and discussion
The intersection of AFM, with its capabilities of high-resolution imaging and force spectroscopy, with microbiology has provided an exciting strategy to study organisms both biophysically and biochemically [21, 37] . The application of force spectroscopy for detecting specific recognition sites on cell surfaces and spatially mapping them has been an important step in this regard. For instance, Francius et al. [38] used two lectinmodified probes, Con A (glucose/mannose) and Pseudomonas aeruginosa lectin (galactose), to detect carbohydrates on Lactobacillus rhamnosus strain GG (LGG) surfaces. The force maps showed the Glu/Man and Gal distributions of the LGG wild-type are markedly different from those of the mutant strains. Andre et al. [31] performed recognition force mapping on Lactococcus lactis (LL) cells to detect specific peptidoglycans. The force maps combined with topographic images demonstrated that the peptidoglycans were arranged linearly and parallel to the short cell axis. However, these studies focused on small areas of the cells (400 Â 400 nm 2 
Nanoscale imaging and probing of Bacillus
To observe the morphology and spatially locate carbohydrate markers using AFM, the first step involves proper sample preparation. Two requirements are needed: (i) cells should be firmly fixed on substrate to avoid dragging by an AFM tip, especially in liquid, and (ii) cells should be maintained in the native state to preserve lectin-reactive sites on the surface. Here, a simple chemical fixation method was used to immobilize the cell samples on substrate: AP-mica was modified with glutaraldehyde to form an aldehydeterminated surface. Following aldehyde functionalization, the substrate was gently rinsed with sterile water to remove unreacted glutaraldehyde, which might damage the bioactivity of carbohydrates on cell surfaces. For morphology observation, both B. cereus vegetative cells and spores were initially imaged in air to show their high-resolution surface topography, including surface nanostructures (figure 1) [39] . Imaging was also performed in liquid environments (electronic supplementary material, figure S1 ). Figure 1a ,b shows B. cereus vegetative cells are rod-shaped and form vegetative cell chains. A quantitative analysis was performed on several cell samples from different areas and images (n ¼ 20). The dimensions of these vegetative cells were 2.8 + 0.5 mm in length and 1.2+ 0.2 mm in width, consistent with previously reported dimensions [40, 41] . Compared with the rod-shaped vegetative cells, the B. cereus spore shows a characteristic ovoid shape ( figure 1c,d ).
In addition to prior verification using phase contrast microscopy, several morphological characteristics typical of spores are observed by AFM imaging: (i) surface ridges extending along the entire spore length, a characteristic surface feature owing to the folding of the spore coat in the dehydrated state (marked by top and middle arrows in figure 1d ) [42, 43] , (ii) an ultrathin capsule (approx. 20 nm) surrounding the spores, presumably the exosporium, another characteristic feature of B. cereus spores (marked by bottom arrow in figure 1d ) and (iii) a significant length decrease following spore formation.
Spatial recognition of surface carbohydrates on vegetative cells
To spatially recognize and map carbohydrates on B. cereus, force spectroscopy experiments were conducted in a liquid rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141109 microenvironment using cantilevers functionalized with different lectins-Con A (which displays specificity to Glu/Man) and WGA (specific to the amino sugar GlcNAc). Figure 2 shows the height and force (interaction) maps of the cell surfaces for each lectin. For clarity, these images have been overlaid. Force curves were analysed automatically using a custom algorithm in IGORPRO that can rapidly differentiate between specific binding and non-specific interactions and also determine binding forces. Curves classified as specific binding events are manifested in a cantilever deflection observed as a nonlinear delayed retraction curve with a different slope from that of the contact region [36] . Examples of the raw data of individual layers and representative force traces are shown in the electronic supplementary material, figure S2 . An excellent correspondence can be observed between the cell profiles in the height map and a simultaneous increase of the recognition events at the same areas. In comparison, there was very low adhesion on the background. For WGA as the probe, figure 2b shows the cell profiles revealing correspondingly higher recognition events compared with cells probed with Con A (figure 2a). The non-overlaid raw images are presented in the electronic supplementary material, figure S3 . Histogram analysis of force curves shows that the forces in the Con A-Glu system are higher than for the WGA-GlcNAc system, consistent with previous reports [44] (electronic supplementary material, figure S4 ). It can be seen that in Con A-Glu system, the main adhesion forces are around 120 pN and some are around 60 pN. This may be because at a pH . 7, ConA exists as a tetramer, in which four binding sites can act independently. In addition, the elasticity on single cell surface is not homogeneous, which may result in different contact area between the tip and surface at different locations. Thus, there are possibilities of multivalent interactions as observed [36] . The overall distribution is observed to be uniform across the surface and not concentrated at edges. The three-dimensional data obtained allow a rendering of the entire cell as shown in figure 3a . A further advantage of mapping the entire cell surface rather than zooming in on a smaller area on single cell surface is that the carbohydrate compositions of the cell surface can be quantitatively estimated (figure 3b). As a quantitative measure, the binding was calculated as a percentage of interaction traces to the total number of traces collected on the cell surface. is summarized in table 1. Although different strains show the variation of carbohydrate compositions, it can be easily seen that the amount of GlcNAc is higher than that of Glu/Man in each strain with a variation from approximately 2 : 1 to approximately 10 : 1. Our calculated value of 4 : 1 on B. cereus strain T vegetative cells falls within this expected range. Among these different strains, the strains 03BB102 and G9241 show similar molar ratio (approx. 4 : 1) with B. cereus strain T in this study. Interestingly, our results are in excellent consistency with the reported values on B. cereus AHU 1356 strain, wherein the lysozyme digests of the cell wall showed that the polysaccharide component was composed of GlcNAc, ManNAc, GalNAc and Glc in ratios of 4 : 1:1 : 1 [45] . Several control experiments were carried out to confirm the specificity of the pair-wise lectin-carbohydrate interactions. First, an unmodified ('bare') Au cantilever (functionalized in a similar manner with only OH-PEG-thiol modified but without attached lectin) was used to probe the cell surface. Minimal specific recognition events can be observed on the cell surfaces (figure 4a), implying that the observed recognition between the lectin-functionalized cantilever and the cell surfaces are specific in nature. Second, cell surfaces were mapped using lectin probes following the addition of relevant (free) lectins in buffer. This blocks the surface carbohydrates making them unlikely to show up when probed by the corresponding lectin. Figure 4b ,c shows the force mapping of B. cereus cell surface by Con A and WGA-modified AFM probes, respectively. A significant decrease of high adhesion force areas is observed (quantitatively shown in figure 3) , with a few nonspecific high adhesion spots, confirming that the interactions observed are specific in nature and not the result of the lectin-modified tips binding non-specifically to the cell surface. These experiments further demonstrate the potential of this strategy to work in a complex medium in real time, by observing changes in the cell surface on adding exogenous substances to the microenvironment. 
Spatial recognition of surface carbohydrates on spores
Following our study of vegetative cells, we investigated B. cereus spore surfaces. As a typical spore-forming cell, B. cereus is able to metabolically transform into oval, dormant cells in response to unfavourable environmental conditions [46] . It has been shown that vegetative B. cereus cells have different carbohydrate compositions in comparison with spores. These compositional biomarkers switches are important to potentially discriminate between vegetative or spore stages of Bacillus as well as to detect single cells [47] . Using recognition force mapping, GlcNAc and Glu/Man were spatially mapped on B. cereus spore surfaces. Figure 5 shows the spatial distribution of the carbohydrates on B. cereus spore surfaces. Rare projection spots on the height images may result from biopolymers that could have been pulled out by the AFM tip. The carbohydrate compositions of the spore surface can again be quantitatively estimated ( figure 6 ). Similar control experiments including unmodified probes and blocking experiments were conducted. As expected, the binding probability decreased significantly, which further confirms the specificity of lectin-carbohydrate interactions on the spore surface as well (figure 6). From figure 5 , the density of Glu/Man (45.8 + 6.5%) is observed to be much higher than that of GlcNAc (14.8 + 4.2%) on the spore surfaces. This trend which is opposite to the vegetative surface studied above is intriguing. Previous studies of spore carbohydrate compositions on different strains have shown that GlcNAc , Glu/Man for most strains although some variations can be observed from the vegetative cell to spore form [12, 47] . Compared with the vegetative cells, the change of carbohydrate compositions in spores may be due to the lectin probe primarily interacting with the surface of the exosporium, known to envelop spores of B. cereus. Surface interactions on vegetative cells would also likely involve peptidoglycan components of the cell wall. We also do not rule out the interaction of the lectin Con A with teichoic acid, a significant component of Gram-positive bacilli cell walls. While this interaction is cross-reactive to Glu/Man, earlier works have shown that the ratio of teichoic acid and other components remains roughly the same in both vegetative cells and spores [48] . The exosporium is a complex mixture of carbohydrates, lipids and proteins with an overall composition that is distinct from the cell wall of vegetative cells [13] . In previous studies, the carbohydrates were released from whole spores using hydrolysis, such that carbohydrates both on the surface and inside the spore would be analysed. In contrast, AFM force mapping primarily probes the surface of spores. Compared with the vegetative cells, the new synthetic protective layers on spore surfaces during sporulation may lead to the change of carbohydrate compositions when detecting surface carbohydrates using AFM force mapping. Among these newly formed surface structures of spores, the outermost exosporium, a transparent loose-fitting membrane which is mainly composed of highly glycosylated glycoprotein BclA, known to envelop spores of B. cereus [49, 50] . Our estimated carbohydrate composition value (GlcNAc :Glu/Man) is in excellent agreement with a previously reported value of 1 : 3 (molar ratio) measured from the B. cereus T-strain spore (same strain as this study) exosporium [13] , in which only the outer exosporium was extracted and analysed.
Carbohydrate compositions obtained by recognition force mapping can therefore be used as significant parameters for tracking bacterial-related activities. An important consideration in whole cell analysis is the curvature of the cell which can result in artefacts at the cell-substrate interface. In these experiments, we calculated the aspect ratio (height/width) for a number of cells and spores (n ¼ 10). For vegetative cells, aspect ratio is 0.30 + 0.05, and for spores 0.66 + 0.08. On areas such as the top of the cell, this problem is minimized. In the case of vegetative cells, there were also few issues at the cell substrate interface owing to the flatness of these cells. Here, we have investigated several cells in different orientations to consider these concerns. Probing the whole cell provides quantitative spatial distributions beyond yes/no answers. It should be noted that both GlcNAc and Glu/Man can be found on vegetative cells and spores, which implies that they are not necessarily standalone carbohydrate markers for all cell types. An interesting extension would be to detect sporespecific biomarkers and figure out presence/absence. An example would be rhamnose, the main sugar component of BclA which is spore-specific [51] . However, the rhamnose-binding lectin and antibody of BclA are currently not commercially available. The ability of this technique is therefore limited to targets that can be directly probed by specific binding ligands. However, several advantages including the uncovering of spatial, high-resolution and potential real-time information on whole, live cells under physiological environments is a powerful tool in the development of bacterial profiling strategies.
Resolution of recognition force mapping
In recent years, there has been rapid progress in developing new modes in AFM-based imaging starting with topography and recognition imaging. Among these, quantitative imaging and peak force tapping methods are able to image cell surface morphology and biophysical properties (e.g. elasticity and adhesion) simultaneously at high speed and high resolution [52, 53] . The higher lateral resolution provided by peak force tapping has been found to be attractive when imaging smaller areas, including single proteins [53] . While these are extremely promising strategies, we note that there are advantages of the technique presented here: for instance, there is no requirement of any specialized equipment. The experiments presented were conducted on a standard, widely used AFM capable of performing force spectroscopy using regular, functionalized cantilevers.
In addition to accuracy and specificity, spatial resolution of this technique is a key parameter of recognition force mapping. For complex surfaces over whole cell areas, it is important to balance demands of spatial resolution and accuracy [54] . For example, increasing the spatial resolution can provide a better look at cell surfaces. However, force spectroscopy at two points too close to each other may not be optimal as surface targets such as carbohydrates are flexible polymers that may display multiple interactions. Moreover, an increase in data collection time causes further challenges including possible damage to the integrity and functionality of a biofunctionalized tip owing to repeated force curves, or thermal drift over long periods of time. The high level of control of scan size, scan speed and loading as reported in this paper results in an accurate estimation of surface composition. In these experiments, a ramp velocity of 0.9 mm s 21 was used, which reduces time of experiment while minimizing the effect of hydrodynamic drag force and hysteresis [55, 56] . One complete force map on an area of approximately 4 Â 4 mm with a resolution of 80 Â 80 (6400 force curves) can be easily obtained in less than 1 h without drift, tip damage or multiple interactions. We envision that in conjunction with the biophysical tools and strategies discussed here, new instrumental tools can further add to the repertoire of ways to probe bacterial cells at the single cell level and in real time.
Conclusion
In summary, an AFM recognition force mapping strategy was demonstrated to quantitatively detect and spatially map surface carbohydrates on vegetative and spore cells of B. cereus at the single cell level. By calculating the binding using different lectin probes, WGA and ConA, we show that surface molar ratios of Glu/Man : GlcNAc range approximately 1 : 4 on a vegetative cell but switch to approximately 3 : 1 on a spore. These values are in excellent quantitative agreement with previously reported bulk analyses using GC -MS, while providing clear spatial distributions on the cell surface. Control experiments were used to confirm the specificity of the lectin -carbohydrate interactions. Taken together, the correlations between the force and height maps clearly show that recognition force mapping can spatially locate specific targets on entire cell surfaces. One of the significant advantages of the recognition force mapping strategy described here is the simultaneous collection of both forces and height data which renders the analysis of the single spore quickly (each image can be obtained and analysed in less than 1 h). AFM-based 'recognition force mapping' is shown to be a versatile platform to quantitatively detect and map bacterial surface biomarkers, rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141109 specifically carbohydrate compositions, but easily extendable to a host of cell-surface targets, while monitoring changes in surface biochemical properties during intracellular processes at the single cell level.
